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INTRODUCTION 

There are few procedures a v a i l a b l e  t o  p r e d i c t  process responses o r  t o  assess 
t h e  r e l a t i v e  va lues o f  c o a l s  from fundamental coa l  p r o p e r t i e s .  Therefore, a I 
comprehensive coa l  c h a r a c t e r i z a t i o n  program has been es tab l i shed  a t  Exxon Research 
and Engineer ing Company, Baytown, Texas t o  eva lua te  coa ls  as process feedstocks. 
The o b j e c t i v e  o f  t h i s  program i s  t o  r e l a t e  fundamental coal p r o p e r t i e s  and process 
response p a t t e r n s  by ana lyz ing  and t e s t i n g  a l a r g e  s u i t e  o f  U. S. coa l  samples. 

This r e p o r t  d e f i n e s  the t e c h n i c a l  r a t i o n a l e  behind the  coa l  c h a r a c t e r i z a t i o n  
program and descr ibes t h e  procedures used i n  t h e  s e l e c t i o n ,  preparat ion,  and 
t e s t i n g  o f  t h e  coa l  l i b r a r y  samples. 

I 

I 

RATIONAL APPROACH TO COAL CHARACTERIZATION 

The p r i n c i p l e  goal  o f  a coa l  c h a r a c t e r i z a t i o n  research program should be t o  
develop procedures t h a t  d e f i n e  t h e  minimal t e s t i n g  reou i red  t o  eva lua te  coals  as 
process feedstocks.  The a l t e r n a t i v e s  a v a i l a b l e  a re  ( 1 )  t o  t e s t  any 'unknown' coa l  
( coa l  X )  e m p i r i c a l l y  i n  a commercial o r  sma l l - sca le  process o r  ( 2 )  t o  develop 
i n f o r m a t i o n  about t h e  fundamental r e l a t i o n s h i p s  between coal  p r o p e r t i e s  and process 
responses, and t o  use t h i s  i n f o r m a t i o n  and approp r ia te  analyses o f  coal X t o  
p r e d i c t  i t s  response. 

The e m p i r i c a l  t e c h n i q u e  i s  d i r e c t  and p r o v i d e s  an u n e q u i v o c a b l e  answer 
about the  response o f  t h e  t e s t e d  sample. The r e s u l t s ,  however, cannot be ex t rap -  
o l a t e d  t o  o t h e r  samples w i t h  d i f f e r e n t  c h a r a c t e r i s t i c s .  T h i s  i s  p a r t i c u l a r l y  
c r i t i c a l  du r ing  e x p l o r a t i o n  proqrams where t h e  coa l  c h a r a c t e r i s t i c s  may chanqe 
s i g n i f i c a n t l y  over  t h e  areas be ing  evaluated.  Thouqh development o f  fundamental 
understanding i s  more d i f f i c u l t ,  i t  p rov ides  much q r e a t e r  f l e x i b i l i t y  i n  subsequent 
t e s t i n g .  Only a program designed t o  r e l a t e  fundamental p r o p e r t i e s  o f  a broad ranae 
of coals t o  t h e i r  process responses has va lue t o  t h e  c o a l  community. 

C r i t e r i a  Used i n  t h e  S e l e c t i o n  o f  a Set o f  Coal Samples f o r  Research 

Coal c h a r a c t e r i z a t i o n  e f f o r t s  aimed a t  p r e d i c t i n g  coal responses f rom funda- 
mental p r o p e r t i e s  must f o l l o w  a r a t i o n a l  s c i e n t i f i c  approach ( v i z .  chard t e r i z a t i o n  
by  rank, t ype  and grade) ,  i f  t h e y  are t o  y i e l d  e x t r a p o l a t a b l e  r e s u l t s h ) .  Major 
d i f f e r e n c e s  between " t y p i c a l "  coa ls  i n  t h e  U.S. are rank - re la ted .  Therefore, 
we employed c r i t e r i a  f o r  s e l e c t i n g  our coa l  samples t h a t  maximized coal rank 
v a r i a b i l i t y .  V a r i a t i o n s  i n  type,  thouph pu rpose ly  minimized cou ld  not ,  however, be 
e l i m i n a t e d  and are d e a l t  w i t h  as p a r t  o f  t h i s  s tudy .  

A s e t  of research samples was se lec ted  accord ing t o  t h e  f o l l o w i n g  c r i t e r i a :  

(1) Broad r a n g e  i n  r a n k .  I n  e f f e c t ,  t h i s  max im izes  v a r i a t i o n  i n  
o roan ic  chemical  composit ion, p r i n c i p a l l y  t he  elements C, H, and 0. 
High rank  coa ls  ( a n t h r a c i t e s )  were excluded, because they  are of 
l i t t l e  economic va lue  f rom a s y n t h e t i c  f u e l s  s tandpo in t .  
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V i t r i n i t e - r i c h .  V i t r i n i t e  i s  t h e  predominant maceral i n  most 
U.S. coals and f o r  t ha t  reason i t s  r eac t iv i ty  i s  of most concern 
in u t i l i za t ion .  Also, the  properties of v i t r i n i t e  vary progressive- 
ly  with rank. 

Low in inorganic matter content (preferably less  than 10%). This 
r e s t r i c t ion  minimizes problems which can a r i se  during analyses 
and subsequent c a l c u l a t i o n s  of t h e  p r o p e r t i e s  of t h e  organic  
components. 

Geographically and geologically diverse (within the continental  
U.S.) .  Samples were obtained from the  major coal-bearing regions in 
the  United S ta tes  so as to  include d i f fe ren t  metamorphic h is tor ies  
and geological ages. 

Fresh and unweathered. 

The optimum range in rank variation of v i t r i n i t e s  i s  best defined by the 
c lass ica l  H / C  vs O/C diacjram from v a n  Krevelen(2). When published d a t a  (from 
the Pennsylvania S ta t e  University coal-data base ( 3 )  f o r  high v i t r i n i t e  (>80%), 
low mineral-matter coals (< lo%)  from various regions in the U.S. are plotted on a 
v a n  Krevelen diagram, a broad band i s  obtained (shown in Figure 1 ) .  From along the 
length and breadth of t h i s  band a random s e t  of coals was identified and then 

. located f o r  collection. Sixty-four samples were ultimately selected f o r  the  
research study. Two foreign samples were also added t o  the  l ib rary .  Distribution 
of these 66 samples on the van  Krevelen plot i s  shown in Figure 1.  

The coal samples were collected by experienced coal geologists d i r ec t ly  from 
f resh ly  exposed seam faces. Where possible, the  samples were selected from l i t ho -  
types rich in v i t ra in .  Some samples were obtained a s  run-of-mine samples, provid- 
ing they were recently mined and f ree  of extraneous rock. 

Most samples were collected as coarse lumps ( la rger  t h a n  5-6 cm). Samples were 
sealed within heavy gauge, polyethylene b a g s ,  placed in epoxy-lined containers 
(when possible, they were placed under water) and shipped. Any information t h a t  
might ultimately be pertinent t o  sample quali ty was logged. Upon rece ip t ,  the 
samples were stored in a cold room ( a t  30-40°F) unt i l  preparation. 

SAMPLE PREPARATION 

The procedure fo r  the  general workup and subsequent characterization of coal 
samples fo r  t h i s  study i s  summarized by Figure 2 .  To minimize oxidation during 
preparation, samples were handled in nitrogen-fil led plove boxes (where poss ib le ) .  
Maintaining water f i l l e d  pores minimized exposure of the internal surface t o  a i r  
and prevented i r revers ib le  pore collaspe. T h e  i n i t i a l  sample was inspected and a 
hand specimen was taken fo r  display. Extremely coarse (>5 cm), pa r t i c l e s  were 
broken by hammer t o  about a 5-cm t o p  s ize .  The coal was then washed on a 16 mesh 
screen (or  100 mesh i f  the sample was f ine )  t o  remove any extraneous mineral 
matter, debris and f ines .  Such physical beneficiation t o  provide sample con- 
sistency can be performed when seam-representive samples a re  not required, as in 
s tud ies  such as th i s .  Subsequently, the coal was surface dried under nitrogen, 
frozen for a t  l eas t  4 hours in solid CO2 ("dry i ce" ) ,  and then crushed t o  - 4  mesh 
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us ing  a swing-hammer m i l l .  Freez ing t h e  samples min imizes t h e  r i s k  o f  thermal 
change, o x i d a t i o n ,  and v o l a t i l e  r e l e a s e  due t o  heat genera t i on  d u r i n g  s i z e  reduc- 
t i o n .  

B o t t l e s  con ta in ing  
these s p l i t s  (and a l l  subsequent samples) were p laced i n  a b e l l  j a r  w i t h  t h e  b o t t l e  
l i d s  l o o s e l y  i n  p l a c e .  The system was evacuated and r e f i l l e d  w i t h  n i t r o g e n  th ree  
t imes  t o  r e p l a c e  any a i r .  A l l  b o t t l e s  were capped w i t h  t i g h t l y  f i t t e d  l i d s  which 
were then secured w i t h  tape. Sample i d e n t i f i c a t i o n  numbers are permanently etched 
i n t o  t h e  b o t t l e s .  Samples were s to red  i n  t h e  manner i n d i c a t e d  i n  F i g u r e  2. 

The coa l  was t h e n  r i f f l e d  i n t o  3-kg r e p r e s e n t a t i v e  s p l i t s .  

P repara t i on  o f  a 16 x 100 Mesh A n a l y t i c a l  Sample 

One o f  t h e  3-kg samples o f  t h e  -4  mesh coa l  ( t h e  "working sample") was stage- 
crushed us ing  a mechanical ga te  m i l l  ( a  " c o f f e e  g r i n d e r " )  i n  a n i t r o g e n  f i l l e d  
g love  box. A f t e r  pass ing  through t h e  c o f f e e  g r inde r ,  t h e  c o a l  was screened on a 16 
mesh screen and t h e  t o p  s i z e  recyc led.  The process was repeated u n t i l  a l l  t he  
sample passed through t h e  16 mesh screen. T h i s  stage c rush ing  maximized t h e  
p a r t i c l e  s i z e  c o n s i s t  o f  t h e  crushed coa l .  

The -16 mesh m a t e r i a l  was wet-screened on a 100 mesh screen by washing repeat-  
e d l y  w i t h  water .  The f i n e s  were d iscarded.  Approx imate ly  70 t o  80% o f  t h e  3 kg 
s p l i t  was r e t a i n e d  b y  t h i s  method. Wet screening p h y s i c a l l y  b e n e f i c i a t e s  t h e  coa l  
by  removing f i n e s .  Excessive f i n e s  are undes i rab le  i n  c e r t a i n  a n a l y t i c a l  t e s t s  
( i . e .  HGI, pe t rog raphy  and some process response de te rm ina t ions ) .  Also, removal of 
f i n e s  decreases f u s i n i t e  and m ine ra l  content  o f  t h e  sample, s i n c e  these components 
p r e f e r e n t i a l l y  r e p o r t  t o  t h e  f i n e s  f r a c t i o n  d u r i n g  s i z e  reduc t i on .  

Excess water  l e f t  on t h e  16x100 mesh coa l  f rom t h e  washing procedure was 
removed by p l a c i n g  t h e  wet coal  i n  a 25 cm Buchner vacuum f i l t r a t i o n  assembly 
i n s i d e  o f  a n i t r o g e n - f i l l e d  g love  box. The a s p i r a t i o n  f o r c e s  n i t r o g e n  through the 
sample and d r i e s  t h e  su r face  o f  t h e  coal ,  so t h a t  i t  can be r i f f l e d ,  wi thout  
exposing t h e  po re  s t r u c t u r e  t o  a i r  (oxygen). 

Four s p l i t s  c o n t a i n i n g  about 5009 of  16 x 100 mesh coal were obta ined us ing a 
mechanical r i f f l i n g  dev i ce .  The o the r  two 
f r a c t i o n s  were e q u i l i b r a t e d  i n  n i t r o g e n  a t  50% r e l a t i v e  h u m i d i t y  and used f o r  a l l  
o f  the analyses. E q u i l i b r a t i o n  a t  50% r e l a t i v e  h u m i d i t y  i s  r e q u i r e d  t o  o b t a i n  
rep roduc ib le  weighings (50% r e l a t i v e  h u m i d i t y  i s  t y p i c a l  f o r  most l a b s ) .  Ni t rogen 
i s  used as t h e  e q u i l i b r a t i n g  gas t o  min imize o x i d a t i o n .  The 50% r e l a t i v e  humi- 
d i t y  n i t r o g e n  was o b t a i n e d  by bubbl ina n i t r o g e n  through water  under 2 atmospheres 
of pressure and subsequent ly  expanding t h e  sa tu ra ted  n i t r o g e n  through a r e g u l a t o r  
t o  one atmosphere o f  pressure.  The p a r t i a l l y  m o i s t  n i t r o p e n  was passed throuph a 
mani fo ld  i n t o  a number o f  b o t t l e s  c o n t a i n i n g  coal ,  and a f t e r  pass ing throuph the 
coal ,  was vented. A t o p  loadina balance was used t o  reco rd  t h e  weight o f  each of 
t h e  b o t t l e s  o f  coa l  as a f u n c t i o n  o f  t ime .  When t h e  weight  s t a b i l i z e d ,  e q u i l i b r a -  
t i o n  was achieved. 

Some c o a l  a n a l y s e s  r e q u i r e  c o a r s e - s i z e d  c o a l  and o t h e r  a n a l y s e s  r e q u i r e  
p u l v e r i z e d  (-60 mesh) coals .  S p l i t t i n g  t h e  16 x 100 mesh f r a c t i o n  i n t o  a 16 x 60 
mesh f r a c t i o n  f o r  coarse analyses and -60 mesh f r a c t i o n  f o r  chemical ana lys i s  would 
no t  have been v a l i d  s i n c e  coa l  components segregate t o  d i f f e r e n t  s i z e  f r a c t i o n s .  
Therefore an a l i q u o t  o f  t h e  16 x 100 mesh coa l  was p u l v e r i z e d  t o  -60 mesh. 

Two s p l i t s  were s to red  f o r  f u t u r e  work. 
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Prepara t i on  o f  A l i q u o t s  f o r  Ana lys i s  

Numerous a l i q u o t s  o f  about 59 each were r i f f l e d  i n  a n i t r o g e n - f i l l e d  a love  box 
u s i n g  a r o t a r y  r i f f l i n g  dev ice.  The r o t a r y  system i s  f a r  s u p e r i o r  t o  o t h e r  sample 
s p l i t t i n o  methods i n  t h a t  i t  a f f o r d s  b e t t e r  r e p r o d u c i b i l i t y  between s p l i t s  and 
a l l ows  a r a p i d  p roduc t i on  o f  m u l t i p l e  a l i q u o t s .  Each a l i o u o t  was used f o r  o n l y  a 
few t e s t s  o r  analyses. By p repar ing  many a l i q u o t s  a t  t h e  ou tse t ,  o x i d a t i o n ,  
contaminat ion,  o r  non-representat iveness o f t e n  associated w i t h  repeated hand l i ng  o f  
bu l k  a n a l y t i c a l  samples, i s  avoided. 

ANALYTICAL PROCEDURES AND DATA QUALITY 

Analyses and t e s t s  performed on t h e  samples are shown i n  F i g u r e  2. Most were 
pe r fo rmed  a c c o r d i n g  t o  ASTM s t a n d a r d i z e d  p r o c e d u r e s .  B r i e f  d e s c r i p t i o n s  o f  
non-standard t e s t s  are descr ibed below. 

1 .  E x t r a c t i o n  w i t h  c i t r i c  a c i d  and benzene/ethanol azeotrope. 
2. Assessment o f  a c i d i c  f u n c t i o n a l i t y  by  Ca(OH12 and Ba(OH)2 i o n  exchange. 
3. Dens i t y  by he l ium pycnometer and by water  d isp lacement .  
4.  G a s i f i c a t i o n  i n  a smal l  f l u i d i z e d  bed. 
5. P y r o l y s i s  i n  a rap id -hea t ing ,  f i x e d  bed system. Y ie lds  o f  char, t a r s ,  water 

and gases assayed. Product p r o p e r t i e s  assessed 
6.  L i q u e f a c t i o n  i n  smal l  ba tch  system ( t u b i n g  bombt4)). 
7 .  Combustib' l  ' t y  by bu rn ing  i n  a thermograv imetr ic  analyzer  (combustion p r o f i l e  

technique15j ) .  
8. T o t a l  oxygen by  i ns t rumen ta l  neu t ron  a c t i v a t i o n  ana lys i s  (INAA). 

A number o f  i n t e r n a l  checks descr ibed below were app l i ed  t o  t h e  s tandard  coa l  
l i b r a r y  d a t a  t o  ensure t h a t  a l l  b a s i c  compos i t i ona l  analyses were accurate and 
meaningfu l .  

Dup l i ca te  Ana lys i s  S c r u t i n y  

A l l  s tandard ASTM t e s t s  o f  e lementary composi t ion and f o r  p rox ima te  analyses 
were done i n  d u p l i c a t e .  Samples were reanalyzed i f  t h e  d i f f e r e n c e s  between d u p l i -  
ca tes  exceeded +2 s tandard d e v i a t i o n s  o f  t h e  mean d i f f e r e n c e  o f  a l l  coa l s .  I f  
t h e  re run  was s t i l l  o u t s i d e  +2 standard dev ia t i ons ,  t h e  t e s t  was repeated u n t i l  
t h e  e r r o r  was co r rec ted .  About 10-20% o f  t h e  s tandard d a t a  r e q u i r e d  reana lys i s ,  a 
f i g u r e  which we b e l i e v e  would be t y p i c a l  f o r  any w e l l - r u n  coa l  a n a l y s i s  l a b o r a t o r y .  
The data which were used f o r  subsequent man ipu la t i on  i n  t h e  l i b r a r y  were the  
a r i t h m e t i c  averages o f  two "bes t "  d u p l i c a t e  runs.  

Determined Versus Ca lcu la ted  C a l o r i f i c  Value 

The c a l o r i f i c  va lue  o f  a coa l  can be c a l c u l a t e d  f rom t h e  e lementary composi- 
t i o n  and t h i s  va lue  can be compared t o  t h e  e x p e r i m e n t a l l y  determined va lue as a 
check on the  accuracy o f  b o t h  e lementa l  and c a l o r i f i c  va lue analyses. We checked 
t h e  coal l i b r a r y  d a t a  us ing  a combinat ion o f  t h r e e  d i f f e r e n t  formulae, two obta ined 
f rom t h e  l i t e r a t u r e  and one de r i ved  s p e c i f i c a l l y  f rom t h e  c o a l  l i b r a r y  samples. 

* A l l  on % d r y  c o a l  b a s i s  e x c e p t  f o r  m o i s t u r e  and c a l o r i f i c  v a l u e  w h i c h  i s  
B t u / l b  on d r y  c o a l .  
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The Mott-Spooner fo rmu la  c a l c u l a t e s  a d ry ,  m ine ra l  m a t t e r - f r e e  (dmmf) c a l o r i -  
f i c  va lue ( B t u / l b )  u s i n g  e lementa l  analyses on a dmmf b a s i s  as: 

CvMs = 144.54 * Cdmmf + 610.2 * Hdmf - 62.46 * Odmmf 40.5 * Sorgd,,f (1 )  

I f  t h e  dmmf oxygen con ten t  i s  g r e a t e r  t han  11%, t h e  Mott-Spooner B t u  ca l cu la -  
t i o n  ( C V M ~ )  i s  m o d i f i e d  by: 

Anoth r fo rmu la  was d e r i v e d  by t h e  I n s t i t u t e  o f  Gas Technology i n  Chicago 
as f o l  lowsf;6) : 

CVIGT = 146.58 * C + 568.78 * H + 29.4 * S - 6.58 * A - 51.53 ( 0  + N) (3 )  

where C ,  H, N and S rep resen t  t o t a l  d r y  carbon, hydrogen, n i t r o g e n  and s u l f u r  
r e s p e c t i v e l y  ( d r y  b a s i s ) ,  and A i s  t h e  s tandard ASTM ash y i e l d  ( d r y  b a s i s ) .  O+N i s  
o b t a i n e d  b y  d i f f e r e n c e  ( 1 0 0  - a l l  o t h e r  f a c t o r s ) .  The I G T  f o r m u l a  g i v e s  t h e  
c a l o r i f i c  va lue  o f  t he  whole, d r y  coa l  whereas t h e  Mott-Spooner g i v e s  t h e  c a l o r i f i c  
v a l u e  of  t h e  o rgan ic  m a t t e r  on l y .  We d e r i v e d  our  own formula us ing  a stepvrise 
reg ress ion  f o r  t h e  66 coa ls  i n  t h e  l i b r a r y .  The b a s i s  f o r  t h i s  fo rmu la  d i f f e r s  
somewhat f rom t h a t  used i n  t h e  I G T  o r  t he  Mott-Spooner formulae i n  t h a t  it y i e l d s  a 
c a l o r i f i c  va lue ( B t u / l b )  f o r  d r y  coa l  f rom "co r rec ted"  d r y  analyses (an exp lana t ion  
o f  t h e  c o r r e c t i o n s  i s  d iscussed i n  a l a t e r  sec t i on ) .  

C V E R E  = 151.31 * Corg - 47.87 * Oorg + 549.74 * Horq + 68.96 * Spyr (4 )  
+ 47.58 * Sorg - 400.24 

Using t h e  above equat ions we c a l c u l a t e d  t h e  c a l o r i f i c  va lues f o r  a l l  66 coa ls  
and compared them t o  t h e  determined c a l o r i f i c  va lues.  I f  t h e  d i f f e r e n c e s  exceeded 
+250 Btu/ lb ,  t h e  analyses were evaluated f o r  e r r o r s  and where appropr ia te,  t h e  
samples reanalyzed.  Tab le  3 summarizes the  d i f f e r e n c e s  between determined and 
c a l c u l a t e d  c a l o r i f i c  va lues  us ing  t h e  Mo t t  Spooner, IGT, and t h e  Exxon Research 
(ER&E) formulae.  

Table 3 

COMPARISONS OF DETERMINED VERSUS CALCULATED CALORIFIC VALUE/(BTU/lb) e Me an Std. 
D i f f .  Dev . .- Formula __ 

Mott  Spooner (dmmf) -59.3 113.6 -43. 213 
IGT ( d r y )  -9.2 110.9 -399. 167 
ER&E ( d r y  o r g a n i c )  -7.8 95.4 -298. 205. 

A l l  b u t  a few o f  t h e  c o a l s  gave e x c e l l e n t  comparisons of c a l c u l a t e d  versus d e t e r -  
mined c a l o r i f i c  va lues.  We have not  been ab le  t o  determine why t h e  few coa ls  
appear as o u t l i e r s ,  even a f t e r  r e - a n a l y s i s .  

Elemental Balances 

To ta l  oxygen on d r y  coa l  can be determined independent ly  us ing  i ns t rumen ta l  
neu t ron  a c t i v a t i o n  a n a l y s i s  (O inaa) .  T o t a l  oxygen can a l s o  be c a l c u l a t e d  by 
d i f f e r e n c e  from d r y  analyses as: 

Odi f f .  = 100-C-N-H-St-C1-Ash Elements (5 )  
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where ash elements are the  sum o f  t h e  S i ,  A l ,  Fe, Ma, Ca, K, P, Na, and T i  ca l cu -  
l a t e d  as a percentage o f  d r y  coal ,  and S t  i s  t o t a l  s u l f u r .  A comparison of the 
oxygen by d i f f e r e n c e  aga ins t  t he  oxygen by neu t ron  a c t i v a t i o n  serves as an indepen- 
dent check on the  accuracy of t h e  combined elemental analyses. The o v e r a l l  mean 
d i f f e rence  f o r  t he  66 coa ls  was -1% w i t h  a s tandard d e v i a t i o n  o f  0.93 about t h e  
mean. The s l i g h t  nega t i ve  b i a s  i s  p robab ly  due t o  t h e  absence o f  minor  and t r a c e  
elements i n  t h e  m a t e r i a l  balances. Several o f  t h e  samples show s i g n i f i c a n t  dev ia -  
t i o n s  even though the  elementary ana lys i s  appears t o  be v a l i d .  We b e l i e v e  t h e  
d iscrepancy may be due t o  mo is tu re  f l u c t u a t i o n s  o r  t o  i n t e r f e r e n c e s  i n  t h e  neu t ron  
a c t i v a t i o n  ana lys i s  o f  oxygen. 

Ash Checks 

Ash determinat ions were done i n  d u p l i c a t e  on bo th  the  16x100 mesh and t h e  -60 
mesh f r a c t i o n s .  For  a l l  66 coals ,  t h e  minimum and maximum d i f f e r e n c e s  were -0.43 
and +0.30 and t h e  o v e r a l l  mean d i f f e r e n c e  i n  ash between t h e  two f r a c t i o n s  was 
-0.089. The standard d e v i a t i o n  was 0.15, w e l l  w i t h i n  t h e  ASTM r e p e a t a b i l i t y  l i m i t  
o f  0.3. 

CALCULATION OF DATA TO VARIOUS BASES 

As-analyzed d a t a  a re  seldom o f  any d i r e c t  use. Most r a w  a n a l y t i c a l  d a t a  must 
be c a l c u l a t e d  t o  some more meaningful b a s i s  i n  o r d e r  t o  be e f f e c t i v e l y  employed. 
A l l  o f  ou r  da ta  were c a l c u l a t e d  t o  t h e  d r y  bas i s .  Because i n  most i ns tances  we 
were i n t e r e s t e d  i n  p r o p e r t i e s  and responses o f  t h e  o rgan ic  f r a c t i o n ,  d a t a  were a l s o  
c a l c u l a t e d  t o  a dry ,  m ine ra l -ma t te r  f r e e  b a s i s  as descr ibed below. 

Determinat ion o f  t h e  M ine ra l  Ma t te r  Content 

We est imated t h e  i no rgan ic  m a t t e r  ( s o - c a l l e d  m ine ra l  ma t te r )  con ten t  f o r  t h e  
l i b r a r y  c o a l s  from adjustments t o  the  h i g h  temperature ash y i e l d .  The fo rmu la  
should apply  t o  coa ls  o f  a l l  ranks and t o  c o a l s  t h a t  c o n t a i n  a v a r i e t y  o f  i no raan ic  
m a t e r i a l s .  M ine ra l  m a t t e r  content  i s  c a l c u l a t e d  us inq  t h e  f o l l o w i n g  r e l a t i o n s h i p :  

MM = Ash + HzOclay - 2.5(sash-sS04) + 0.626 * S p y  + CO2 - O ie  ( 6 )  

I n  E q u a t i o n  ( 6 )  t h e  h i g h  t e m p e r a t u r e  ash y i e l d  ( A s h )  i s  c o r r e c t e d  u s i n g  
terms f o r  t h e  water o f  h y d r a t i o n  o f  c l a y s  (H2OClay), t h e  n e t  amount o f  s u l f a t e  
f i x e d  i n  t h e  ash ( S  sh - expressed on t h e  c o a l  bas is ,  t h e  decomposi t ion 
o f  p y r i t e  (0.626 x 4 ,-), :?!4)decomposition o f  carbonates t o  ox ides (CO2 l o s s )  
and a c o r r e c t i o n  fo r ’ rhe  amount o f  o rgan ic  oxygen t h a t  i s  r e t a i n e d  i n  t h e  ash 
(Oie)  owing t o  p a r t i a l  decomposit ion o f  humate s a l t s  i n  the  l ower  rank coa ls .  
Other  reac t i ons  o f  i no rgan ic  species du r ing  ashing are assumed t o  be n e g l i g i b l e .  

A l l  b u t  the H20cla and O i e  a re  determined d i r e c t l y .  SSO r e f e r s  t o  s u l f a t e  
s u l f u r  i n  t h e  coal ;  C& i s  determined accord ing t o  ASTM D l A 6 .  The water o f  
decomposit ion o f  c l a y s  i s  est imated us ing  these r e l a t i o n s h i p s :  

H2OClay = 0.10 * CLAY ( 7 )  

Expression ( 8 )  approximates a c l a y  con ten t  (CLAY) by  s u b t r a c t i n g  est imates 
f o r  t he  c o n t r i b u t i o n s  of p y r i t e ,  carbonates, i r o n  and s u l f u r  oxides, q u a r t z  and any 
o r g a n i c a l l y  de r i ved  a l k a l i  ox ides i n  the  ash. Ten percent  o f  t h e  c l a y  (Eq.7) i s  

251 



t hen  assumed t o  be t h e  average water  o f  decomposit ion. The o r g a n i c a l l y  de r i ved  
a l k a l i  ox ides  (ALK) f o r  use i n  Equat ion ( 8 )  are es t ima ted  from t h e  analyses o f  t h e  
a c i d  so lub le  a l k a l i e s  by: 

where CaO,,t rep resen ts  a l l  o f  the a c i d  s o l u b l e  C a  t h a t  i s  n o t  s t o i c h i o m e t r i c  
w i t h  the amount of carbonate, est imated f rom t h e  C02 y i e l d  as: 

C a O n e t  = CaOaCid sol. - 1.274 * C02 (10 )  

The ash element ana lys i s  can be used t o  es t ima te  excess ive amounts o f  aua r t z  
as: 

QTZ = 2.1393 * [ S i  - (2.089 * A l ) ]  (11 )  

Equation (11)  assumes t h a t  a l l  aluminum i s  c lay -assoc ia ted  and compensates 
o n l y  f o r  c o a l s  t h a t  c o n t a i n  an e x c e p t i o n a l l y  h i g h  con ten t  o f  f r e e  Si02. 

A l a r g e  p o r t i o n  o f  t h e  a l k a l i  me ta l s  i n  lower rank coa ls  are exchanGed t o  
oxygen f u n c t i o n a l  groups. When coal  i s  ashed, a t  e i t h e r  low o r  h i g h  temperature 
cond i t i ons ,  these o r g a n i c / i n o r g a n i c  complexes decompose t o  y i e l d  a l k a l i  s a l t s .  
Therefore,  some o f  t h e  oxygen i n  the  ash i s  a c t u a l l y  d e r i v e d  f rom o rgan ic  oxygen. 
T h i s  can be approximated by  summing t h e  oxygen t h a t  would be s t o i c h i o m e t r i c a l l y  
assoc iated w i t h  t h e  exchangeable a l k a l i  me ta l s  present  on t h e  coa l .  These are 
est imated f rom ac id  s o l u b l e  data by: 

The O i e  term i n  t h e  m ine ra l  ma t te r  Eouat ion (12 )  should be v a l i d  f o r  t h e  
t o t a l  range o f  coa ls .  Most o f  t h e  a l k a l i  me ta l s  i n  l i a n i t e s ,  t h a t  are ac id  so lu -  
b l e ,  are bound t o  t h e  o rgan ic  ma t te r .  For  the  h i o h  rank coals, we found t h a t  by 
compensa t ing  f o r  c a r b o n a t e  t h e  O i e  t e r m  i n  t h e  m i n e r a l  m a t t e r  e x p r e s s i o n  i s  
neg 1 i g i  b l e .  

Low Temperature Ashing 

N i n e r a l  m a t t e r  con ten ts  were a l so  determi  d d i r e c t l y  f o r  t h e  coa ls  i n  t h e  
l i b r a r y  us ing  low temperature plasma ox idat ionr7?,  a technioue which produces an 
i no rgan ic  r e s i d u e  f rom c o a l  i n  more o r  l e s s  u n a l t e r e d  s t a t e .  Most o f  t h e  major  
m ine ra l s  do n o t  decompose under c a r e f u l l y  c o n t r o l l e d  LTA c o n d i t i o n s .  F igu re  3 
shows a comparison between t h e  c a l c u l a t e d  and exper imenta l  (LTA) m ine ra l  mat ter  
con ten ts  o f  t h e  coa ls .  I n  t h e  f i g u r e ,  d a t a  p o i n t s  w i t h  an " x "  r e f e r  t o  low rank 
c o a l s  whose oxygen con ten ts  are g r e a t e r  t han  16% (dmmf). When these coals  are 
excluded, t h e r e  i s  good agreement between t h e  two methods; the mean d i f f e r e n c e  f o r  
t h e  52 h i g h e r  rank c o a l s  i s  e s s e n t i a l l y  zero (-O.Ol), bu t  w i t h  f a i r  amount of 
s c a t t e r  ( t h e  s tandard d e v i a t i o n  i s  0.85). 

As shown i n  F i g u r e  3, t h e  LTA y i e l d  o f  t h e  h i g h  oxygen coa ls  i s  much g rea te r  
t h a n  the c a l c u l a t e d  m i n e r a l  ma t te r  con ten t .  L i g n i t e s  and subbituminous coa ls  
c o n t a i n  app rec iab le  a l k a l i  c a t i o n s  bound t o  oxygenated f u n c t i o n a l  groups. These 
tend  t o  i n h i b i t  t h e  o x i d a t i o n  process, p r e v e n t i n g  complete ashing; thus,  t h e  
LTA yields tend  be t o o  h iqh .  Also, a s u b s t a n t i a l  amount o f  combustion gas (as 
e i t h e r  S- o r  N-oxides) adds t o  t h e  weight  o f  t h e  LTA by  r e a c t i n g  w i t h  t h e  molec- 
u l a r l y  d ispersed a l k a l i e s .  When these c o a l s  are e x t r a c t e d  w i t h  ac id ,  t h e  a l k a l i  
c a t i o n s  are removed, and n o  a n a l y t i c a l  d i f f i c u l t i e s  are encountered w i t h  the  LTA 
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technique.  Thus, t h e  b e s t  d i r e c t  measure o f  t h e  m ine ra l  mat ter  con ten t  i n  low-rank 
c o a l s  i s  t h e  sum o f  t h e  y i e l d  o f  LTA on ac id -ex t rac ted  coa l  and t h e  weight  f r a c -  
t i o n  Of ac id -so lub le  i no rgan ics ,  o r  

MMacid+LTA = CLTA* (lOO-A/IOO) + A (13 )  

where CLTA i s  the  LTA y i e l d  on dry ,  acid-washed c o a l  and A i s  t h e  we igh t  l o s s  upon 
a c i d  e x t r a c t i o n .  

F i g u r e  4 i s  a p l o t  o f  t h e  m ine ra l  ma t te r  c a l c u l a t e d  from Equat ion ( 6 )  aga ins t  
t h e  m ine ra l  ma t te r  from t h e  m o d i f i e d  LTA method, (13) .  Note t h a t  s i g n i f i c a n t  
improvement i s  seen w i t h  t h e  high-oxygen coa ls  ( i n d i c a t e d  by " X " ) .  The summary 
s t a t i s t i c s  o f  mean d i f f e r e n c e s  i n d i c a t e s  t h a t  t h e  mod i f i ed  LTA method f o r  e s t i m a t -  
i n g  t h e  rr i ineral ma t te r  con ten t  i s  una f fec ted  by  d i f f e r e n c e s  i n  rank. 

The f o r m u l a - d e r i v e d  m i n e r a l  m a t t e r  c o n t e n t  i s  a p p l i c a b l e  t o  a l l  r a n k s ;  
t o  ma in ta in  consis tency w i t h i n  t h e  l i b r a r y ,  we used t h e  formula f o r  a l l  c a l c u l a -  
t i o n s  t o  t h e  dmnf bas i s .  

V o l a t i l e  Ma t te r  and C a l o r i f i c  Value 

The ASTM v o l a t i l e  m a t t e r  y i e l d ,  determined a t  950'C, i nc ludes  components f rom 
decomposit ion o f  i no rgan ic  m a t e r i a l s .  To o b t a i n  an o rgan ic  v o l a t i l e  con ten t  we 
used a fo rmu la  mod i f i ed  f rom Leighton and Tomlinson(8) where 

VMcorrected = VMdry - H20clay - 0.41 * Spyr - 0.9 * c02 - 0.76 * c1 (14)  

Th is  formula compensates f o r  v o l a t i l e  l o s s  o f  c l a y  water, p y r i t i c  s u l f u r ,  
carbonate Cop, and c h l o r i n e .  

C a l o r i f i c  va lue  ( B t u / l b )  de te rm ina t ions  should be co r rec ted  f o r  c o n t r i b u t i o n s  
due t o  t h e  e x o t h e r m i c i t y  o f  p y r i t e  o x i d a t i o n ,  thus,  

CVcorrected = CVdry  - 5 5 * 6 7  * Spyr 

F i xed  carbon content  on t h e  dmnf bas i s  i s  c a l c u l a t e d  as: 

(15)  

FCdmmf = 100 - VMdmmf (16)  

E 1 ement a1 Analyses 

Carbon and hydrogen determinat ions by the  ASTM method i n c l u d e  carbonate carbon 
Cor rec t i ons  t o  o b t a i n  t h e  o raan ic  carbon and and c l a y  water hydrogen r e s p e c t i v e l y .  

hydrogen contents  are made as: 

Horg = Hdry - Hc 1 ay 

Where H c l a y  = 0.1119 * H20clay est imated from eouat ions (6)  and (7 )  

Corrected analyses are m u l t i p l i e d  by t h e  f a c t o r  100/(100-MK) t o  conver t  t o  
t h e  dmmf bas i s .  
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To express t h e  c a l c u l a t e d  o rgan ic  oxygen on t h e  d r y  bas i s  (Oorg) t h e  Odmmf 
va lue i s  m u l t i p l i e d  b y  (lOO-MM)/lOO. 

CORRELATIONS 

The purpose o f  t h e  c o a l  c h a r a c t e r i z a t i o n  research program i s  t o  e s t a b l i s h  
r e l a t i o n s h i p s  between fundamental coa l  p roper t i es ,  d e r i v e d  coa l  p r o p e r t i e s ,  and 
process responses. Many nove l  r e l a t i o n s h i p s  have been found employing m u l t i v a r i a t e  
s t a t i s t i c a l  a n a l y s i s  techniques.  These r e s u l t s  w i l l  be repo r ted  i n  p u b l i c a t i o n s  
t o  f o l l o w .  Three examples o f  t h e  k inds  o f  c o r r e l a t i o n s  t h a t  have been developed 
are repo r ted  below. 

Coal d e n s i t y  by he l i um pycnometry i s  r e l a t e d  t o  t h e  elemental composit ion as 
d e f i n e d  by Equat ion ( 2 2 ) .  

The above e x p r e  s i o n  a c c o u n t s  f o r  94% o f  t h e  v a r i a n c e  o f  t h e  d e n s i t i e s  
o f  t h e  samples ( v i z .  r? = 0.943). 

Fo r  those c o a l s  e x h i b i t i n g  a f r e e  s w e l l i n g  index (FS I )  g r e a t e r  than zero, 
91% o f  t h e  va r iance  o f  t he  F S I  f o r  t h e  samples can be expla ined according t o  
Equat ion (23 ) .  

FSI  = 0.875 * Cdmmf + 0.859 * Sdmf t 1.304 * Hdmf + 0.347 * R / I  ( 2 3 )  - 77.715 

I n  Equat ion ( 2 3 ) ,  R / I  r e f e r s  t o  t h e  r a t i o  of r e a c t i v e  macerals ( v i t r i n i t e ,  

V o l a t i l e  m a t t e r  i s  a l s o  s t r o n g l y  c o r r e l a t e d  w i t h  e l e m e n t a l  c o m p o s i t i o n  

l i p t i n i t e )  t o  " i n e r t "  macera ls  ( f u s i n i t e ,  m i c r i n i t e )  p l u s  m ine ra l  mat ter .  

( r 2  = 0.96) accord ing t o  the  r e l a t i o n s h i p  shown i n  Equat ion (24 ) .  

CONCLUSIONS 

Procedures f o r  e s t i m a t i n g  responses o f  coa ls  i n  s y n t h e t i c  f u e l s  convers ion 
processes are p r a c t i c a l l y  nonex is ten t .  Consequently, a new look a t  c o a l  charac- 
t e r i z a t i o n  and c l a s s i f i c a t i o n  procedures i s  p r o p i t i o u s .  We b e l i e v e  t h a t  meaningful 
understanding o f  t h e  r e l a t i o n s h i p s  between coal  p r o p e r t i e s  can be obta ined o n l y  
th rough  the  s tudy  o f  a l a r g e  s u i t e  o f  c a r e f u l l y  se lected,  prepared and analyzed 
c o a l  samples. We have, t h e r e f o r e ,  begun a comprehensive coa l  c h a r a c t e r i z a t i o n  
research  program a t  t h e  Baytown, Texas, l a b o r a t o r y  o f  Exxon Research and Engineer- 
i n g  Company. S i x t y - s i x  f r e s h  samples o f  coa l  rep resen t ing  the  c o a l i f i c a t i o n  band 
i n  an H/C vs O K  p l o t  have been analyzed i n  d e t a i l .  E i g h t y  percent o f  t h e  samples 
c o n t a i n  <lo% minera l  m a t t e r .  E i g h t y  percent  a l so  c o n t a i n  >80X v i t r i n i t e .  Through 
met i cu lous  p r e p a r a t i o n  procedures designed t o  min imize exposure t o  a i r ,  through 
numerous cross-checks o f  v a l i d i t y  o f  t h e  a n a l y t i c a l  data,  and through c a l c u l a t i o n  
o f  t h e  data t o  a m i n e r a l - m a t t e r - f r e e  b a s i s  we have assembled a da ta  l i b r a r y  t h a t  i s  
be ing  used t o  d e f i n e  i n t e r r e l a t i o n s h i p s  between coal p roper t i es .  Numerous m u l t i -  
v a r i a t e  c o r r e l a t i o n s  have been found i n d i c a t i n g  s t r o n g  dependence o f  p r o p e r t i e s  
such as densi ty ,  f r e e  s w e l l i n g  index and v o l a t i l e  m a t t e r  on e lementa l  composit ion. 
Such c o r r e l a t i o n s  promise t o  shed cons ide rab le  l i g h t  on the  area o f  coa l  charac- 
t e r i z a t i o n  and c l a s s i f i c a t i o n .  
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FIGURE 1 

DISTRIBUTION OF BAYTOWN COAL CHARACTERIZATION LIBRARY 
SAMPLES ON VAN KREVELEN PLOT 

O I C  (ATOM RATIO) 

255 



z 

I- 
0 
s 
2 
W 
K n. 

> K 
4 K 

-1 

-1 

0 
U 

z 

(9 

a 

30 
E a 

PJ 

W 
K 
w 
U 

a 
I 

x 0 
K n. 

5 :  
aLn 

0 0 Ln P h 
el 
R . .  
V .  

- 
w 0 
M 

256 



FIGURE 3 

RELATION BETWEEN THE LOW TEMPERATURE A S H  YIELD AND 
THE CALCULATED MINERAL M A l l E R  CONTENT 
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FIGURE 4 

RELATION BETWEEN THE MINERAL M A l l E R  CONTENT B Y  THE A C I D  
MODIFIED LTA METHOD AND THE CALCULATED MINERAL MATTER CC 
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